It is usual to characterize quantitatively a pearlitic structure by three parameters; (1) the ferrite and pearlite percentage, (2) the interlamellar spacing of the pearlite, and (3) nodule diameter of the pearlite. These parameters vary as a function of the transformation temperature. The conditions necessary for obtaining a fully pearlitic structure by continuous cooling have been determined for plain carbon steels containing from 0.2% to 0.8%C. When the carbon content is below 0.6%, pearlite is always degenerate, with low yield strength but good reduction in area. Pearl ites containing more than 0.6%C always present normal cementite lamellae with high yield strength but small reduction in area. For 0.6%C steel, fragmented or continuous lamellar structures can be obtained, leading to high yield strength and reduction in area values.
I. Introduction
Numerous investigations have been carried out on the ferrite-pearlite transformation in steels. The structure obtained have been characterized quantitatively by means of the following parameters :1-10) 1) proportions of ferrite and pearlite, 2) interlamellar spacing of the pearlite, and 3) nodule diameter of the pearlite.
It has been shown that in the case of isothermal transformation of an eutectoid steel, the structure and mechanical properties of the pearlite depend on the transformation temperature. 2,9> Other factors connected with the parent austenite structure have been studied. In particular, the temperature and duration of austenitizing have been shown to have a considerable influence on the interlamellar spacing and size of the pearlite nodules. These two factors play a critical part in patenting.10")
The determination of precise relationships between microstructure and mechanical properties in carbon steels is complicated by differences in transformation kinetics of austenite arising from differences in residual elements. A study12) concerning the transformation of the eutectoid steel in quasi isothermal conditions has established that yield stress and impact resistance vary independently with pearlite structure, the latter being defined in terms of interlamellar spacing and nodule size. It was shown that yield stress is mainly determined by interlamellar spacing whereas toughness in mainly a function of prior-austenite grain size.
Another study13) was carried out under continuous cooling conditions and concerned with the effects of the structural characteristics of the alloys on their tensile properties which turned out to be independent of nodule size and to be chiefly determined by the interlamellar spacing of the pearlite.
A third investigation8) deals with steels containing 0.22 to 0.82%C. The influence of the carbon content of austenite on the structure of the ferrite-pearlite mixture was studied. It is pointed out that interlamellar spacing of pearlite and percentage of ferrite decrease with the transformation temperature. It also appeared that, for a given transformation temperature, the carbon content of the pearlite decreases with that of the steel, in contradiction with the prediction of Hultgren's extrapolation of the Fe-Fe3C diagram.16) Therefore, a plain pearlitic structure may be obtained with low carbon steels ( Fig. 1) , situated on the left of the equilibrium curve between austenite and cementite.
One result of this is a degeneracy of the pearlitic structure.
In this previous paper,16) it was found that the carbon content in pearlite depends on carbon content of the steel and temperature of transformation, which are both determining the percentage of free ferrite. The influence of free ferrite has been eliminated by using cooling rates fast enough for obtaining a fully pearlitic structure in steels between 0.20 and 0.82%C. This condition is considered as reached when the percentage of ferrite is below 5 %. With this structure, it is possible to determine the influence of the morphology of pearlite on its mechanical properties. The contribution of the morphology and the proportion of pro-eutectoid ferrite to the mechanical properties of carbon steels has been published elsewhere.14,15> Diagram showing Hultgren's extrapolation of rl a and r/c equilibrium lines (schematic). The vertical bars indicate the temperature ranges in which the pearlitic reaction takes place for the maximal cooling rates giving a fully pearlitic structure in steels used in the present investigation.
II. Experimental Procedure
Materials
Four grades of commercial steels in the form of wire were chosen. Their compositions are shown in Table 1 . The low carbon steels (C, D) were aluminum and silicon killed, the others with silicon only.
Heat Treatment
The samples were cylinders 4 mm in diameter and 20 mm long, austenitized as follows. min at 900°C The cooling rates are defined by an average valuethe " average cooling rate v "-measured between the austenitizing temperature and that at which the transformation started. The duration and the starting and finishing temperatures of the transformations were determined by dilatometry. Heat treatment was carried out in an inert atmosphere.
Structural Observation
The structure of the pearlite was studied by thin foil transmission electron microscopy.
The interlamellar spacing was determined on the colonies whose lamellae were practically perpendicular to the plane of observation.
The thin foils were prepared by the usual techniques. About 80 measurements were made on each specimen in order to obtain the average value of the interlamellar spacing S and that of the standard deviation.
Mechanical Testing
Mechanical characteristics were determined by tensile testing. The specimens used were of the same diameter as the dilatometry samples and underwent the same cooling procedure. Micro-tensile specimens (2.5 mm diameter, 12 mm long) were prepared from them. Special care was taken to ensure uniformity of temperature during cooling so as to obtain a homogeneous structure. The deformation rate E was 2.8 x 10-3 s-1. The yield stress, ultimate tensile strength, elongation and reduction of area were measured.
III. Experimental Results

Cooling Conditions
Transformation characteristics (starting and finishing temperature) were determined for each cooling rate. The cooling conditions which must be employed in order to obtain at least 95% pearlite were determined and are shown on Fig. 2 . Three regions may be distinguished 1) a region of rapid cooling leading to the formation of bainite or martensite plus pearlite (P+B+M), 2) a region of slow cooling where ferrite formation is observed for all hypoeutectoid steels (F+P), and 3) an intermediate region where the structure obtained is fully pearlitic (P). It was observed that the lower the carbon content of the steel, the greater becomes the region of cooling rates where the steel presents a pearlitic structure. The 0.2%C steel gives a pearlitic structure when the cooling rate is situated between 100 and 200°C/s. This paper deals with the steels transformed under the conditions indicated for the intermediate region. Table 2 shows the values of interlamellar spacing S obtained by the fastest cooling rate v which gives an entirely pearlitic structure.
Interlamellar Spacing
It is observed that, with decreasing carbon content of steel, vmax., S and transformation temperature increase.
In the case of the eutectoid steel we also have measured the values of S for several transformation temperature (obtained by several cooling speeds). They are compared with previously published data on Fig. 3 . Table 3 represents the values of interlamellar spacing as a function of v. (wt%)
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(1) Tensile Properties
The tensile properties of pearlite depend on two factors : 1) carbon content, and 2) interlamellar spacing, as controlled by the cooling rate. Figure 4 shows the maximum values for mechanical properties, obtained with the finest pearlitic structure attainable.
O Reduction of Area
This property is considerably influenced by carbon content. Figure 5 shows the reduction of area obtained for each steel when it presents the finest possible pearlitic structure. It can be seen that the reduction of area falls from 73 to 37% when the carbon content of the pearlite rises from 0.2 to 0.8%. The fall in reduction of area is most marked at higher carbon contents: between 0.6 and 0.8%C, the reduction of area falls from 60 to 37%.
2.
Variations within the Pearlitic Region Figure 6 (a) shows the variations of yield stress and tensile strength as a function of interlamellar spacing in pearlite. The full line concerns 0.2, 0.4 and 0.6%C steels, the dashed line represents the eutectoid steel. For the latter, the interlamellar spacing is modified by controlling the cooling rate during the transformation of austenite. This figure points out that Y.S. and U.T.S. are inversely proportional to the interlamellar spacing of the pearlite.
In Fig. 6 (b) , it is shown that the reduction in area is not proportional to the interlamellar spacing and that the values are, in the case of 0.8%C steel, considerably below those of hypoeutectoid steels. This difference in behaviour will be interpretated in the discussion by considering that with the same value of S, the cementite lamellae are discontinuous in steels below 0.6%C and continuous in the eutectoid steel. The structure of pearlite depends essentially on two factors : 1) its carbon content, and 2) its transformation temperature.
Marder and Bramfitt13> have shown, in the case of the eutectoid steel, that the interlamellar spacing of cementite is practically the same when the transformation takes place by continuous cooling as when it takes place under isothermal conditions. During continuous cooling, the cooling rate determines the temperature at which the reaction starts. The transformation then is going on at practically constant temperature because of recalescence, particularly at higher carbon contents.
The structure of the pearlite is characterized by three distinct factors connected with carbon diffusion during the reaction.
(1) Interlamellar Spacing, Which Can Vary between 680 and 1 680 A In the case of pearlite containing 0.2 and 0.4%C, the structure is appreciably affected by the considerable difference between the equilibrium concentration and the real carbon content of the pearlite. Interlamellar spacing was very irregular. We have measured on micrographs that the ratio of cementite thickness to ferrite thickness can attain a value of 1 18 whereas the equilibrium pearlite ratio at 0.8%C is about 1/ 8. (2) The Presence or Absence of Discontinuities in the Cementite Lamellae of the Pearlite The analysis of the microstructures by TEM in the case of the four steels cooled with the cooling rates of the P region (Fig. 2) showed that break-up of the cementite lamellae in the pearlite depends on the carbon content :
(1) For 0.2 and 0.4%C steels, cementite lamellae are always broken.
(2) For 0.8%C steel, they are continuous whatever the cooling rate.
(3) For 0.6%C steel, the pearlite can be either of the continuous cementite type or of the discontinuous type, the proportion of broken cementite lamellae increasing with the cooling rate.
The study of the structures presented by the steel containing 0.6%C shows the existence of a cooling rate above which the cementite lamellae are broken. This cooling rate is about 50°C/s. This cooling rate is too low for obtaining a fully pearlitic structure in the case of low carbon steels (0.2 and 0.4%C). Therefore these steels will never present a fully pearlitic structure and continuous cementite lamellae. For the eutectoid steel, this cooling being too fast, it provides a partially martensitic structure. The steels with an intermediate carbon content may present a fully pearlitic structure with cementite lamellae either continuous or not, according to the cooling rate of austenite. Photograph 1 represents two typical examples of broken or not broken cementite lamellae in pearlite. In addition to their particular features in the matter of morphology and cementite lamellae discontinuities, steels transformed under conditions such that fully pearlitic structures are obtained present (i) C=0.2 and 0.4% Pearlite break-up is inevitable whatever the cooling rate, in the case of a fully pearlitic structure. The interlamellar spacing is always high (1460 to 1 680 A), for a pearlite whose composition is far from the equilibrium one. Thus, the influence of cooling rate on the mechanical properties of the pearlite is not important (Fig. 7) .
Thus the structure of degenerated pearlite being similar in the range where the cooling speed provides a fully pearlitic structure, the influence of cooling rate on mechanical properties is not important.
(ii) C=0.8%C No break-up of the cementite of the pearlite is observed. Heat treatment is only affecting S. Thus, cooling rate has an influence on yield strength but has little effect on reduction in area since the mode of plastic flow concerns continuous lamellae whatever the value of S.
(iii) C=0.6%C The fully pearlitic structure is obtained with a minimum cooling rate of about 30°C/s. If the cooling rate is increased up to 85°C/s, a simultaneous increase in Y.S. and R. A. is observed. The increase of yield strength comes from the reduction of S from 1 400 A to 800 A while the increase of reduction in area comes from the increasingly discontinuous character of cementite lamellae.
In 0.61 %C steel, both high strength and good reduction in area can be obtained, if it has received the suitable heat treatment. For instance, a cooling rate of 85°C/s leads to 880 MPa in yield strength and 60% in reduction of area.
V. Conclusion
It is possible to obtain fully pearlitic structures with steels containing between 0.2 and 0.8%C at transformation temperatures above those predicted by Hultgren's extrapolation.
Three classes of pearlitic structures exist:
(1) Low carbon pearlites (< 0.6%) are always degenerate and give good reduction in area but low yield strength. For 0.2 and 0.4%C pearlites, the cooling rate or the transformation temperature has no significant effect on the mechanical properties.
(2) Pearlites of eutectoid composition do not Photo.
1. Structure of cementite lamellae in pearlite. 
contain fractured cementite lamellae.
Yield strength steeply increases with the decrease of interlamellar spacing but no effect is observed on the reduction in area.
(3) Pearlites with carbon contents around 0.6% may be given a fine, fragmented lamellar structure by heat treatment. This leads to high yield strength and reduction in area values.
It is in this intermediate class of composition that heat treatment can bring about the most appreciable improvements in mechanical and working properties, particularly when wire-drawing is to be undertaken.
